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The Expansion Wave Concept—Part |I: A New Way
to Model Mutual Coupling in Microstrip Arrays

Guy A. E. Vandenboschylember, IEEE and Filip J. DemuynckStudent Member, IEEE

Abstract—A new expansion scheme is introduced to solve the II. OUTGOING WAVES

integral equations describing the mutual coupling in microstrip C id | t of . tratified dielectri
arrays. The scheme is based on the fact that at larger distances onsider an element ol an array in a stralilie ielectric

the Green’s functions in the stratified dielectric medium of Medium. The coordinates and y are parallel to the layer
the antenna structure can be approximated using analytical structure and the coordinateis normal to the layer structure.
expressions. This allows one to describe the waves propagatingThe observation point is located dt,y,z). The lateral

between the elements thus causing the mutual coupling with a position of a source point i§z/,y'). The lateral position

small number of parameters. Since only these parameters have . . .
to be determined, the resulting number of unknowns is much (0, 0) is the reference point of the element considered. An

smaller than with conventional rigorous techniques. The accuracy €lectromagnetic field componeiit generated by an element

of the scheme is illustrated by a comparison of measured and consisting of physical components (such as patches, probes,
calculated data for both a two-element and a linear eight-element gpertures, . .) in general can be written as

microstrip array antenna.

Index Terms—Green’s functions, inhomogeneous media, mi- F(z,y,z) = Z / / S; (o)
crostrip arrays. T Jar Sy

~Gf(m—x’,y—y’,z)dx’dy’ 1)
| INTRODUCTION where eachd; is a source derived from the currents flowing
A rigorous, widely used method to analyze microstrip amn the components and] its spatial Green's function for

tennas is to solve the integral equations describing taemponent?’ of the electromagnetic field?” can be a lateral
structure using the method of moments. It is well knowbr » component of the electric or magnetic field. For isotropic
that this procedure can yield highly accurate results. At firslielectrics, it was proven in [4] that expressions can be
authors either used a subsectional [1] or an entire domagund for the electromagnetic field involving Green’s functions
scheme [2]. Subsectional schemes are the most flexible, buty depending on the lateral distance between source and
require the largest calculation times. Entire domain schemsisservation point. In [5], it was proven that the behavior of
with only a few expansion functions do provide a lowea spatial Green’s function at larger distances is determined
calculation time, but the flexibility is completely lost. Onlyby the dominant singularities of its spectral equivalent. It was
simple shapes can be analyzed. The mixed variant of the cashown that taking into account the dominant singularities only,
bined expansion scheme introduced in [3] combines the twa excellent approximation of the spatial function is obtained,
existing techniques, keeping the advantages and eliminatigen at relatively small distances from the source. Two types of
the disadvantages of both. The idea consists of constructii@minant singularities occur—surface wave poles and branch
secondary entire domain expansion functions as fixed copwint singularities—both for the two independent systems of
binations of primary subsectional expansion functions. Thke layer structure of the antenna under consideration—the TE
procedure introduced in this paper is, in fact, a powerful geand TM system. The pole positions can differ in both systems.
eralization of the mixed expansion technique introducing thghe branch point position is the same in both systems. The
concept of expansion waves. Instead of constructing secondgggitions of the singularities depend on the layer structure
entire domain expansion functions at the level of elemephly. For the branch point, two square-root singularities are
components (patches, probes,), they are constructed attaken into account, both in the TE and TM system. Based on
the level of complete elements. Since the number of elemehis, it was proven in [5] that the behavior of a spatial Green’s
expansion functions may be chosen much lower than thehction at larger distances can be approximated excellently by
number of primary expansion functions on the components
of the element, the number of unknowns to be determined can . , ,
be much lower than if the primary expansion functions were ~J (e =2y —y,2)

. . . . TM
used throughout. This results in a much lower calculation time. ~ Z PP (2) ij =1 P, (R)
pTM
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+ Z CF7PTE7—1(Z) CJPTEv—l (]PTE7—1(R) field component of the electromagnetic field is determined

pTE using (3), all the other components can be derived from it

FKTE _0.5 KT8 _05 ~KTE _05 without having to re-apply (3) to each of them. The physical

4 OPET=05() ¢ CK™ 05 (R) ithout havi ly (3 h of th The physical
J

- interpretation is that for each singularity that needs to be con-

+ CFETE A0S Ccf s CK™"+05(Ry (2) sidered to obtain a good approximation for the spatial Green’s
function, the element emits a wave. Both thalependence

andz dependence of this wave only depend on the singularity.

TM TF e i
where P, PT, and K are the dominant TM poles, theThey can be determined in advance from the knowledge of the

dRorTnant TE p/olzes, and t/h(; b;anch pﬁmt’. reslpe_(t:tlvtelyk/, a[zlg/er structure only. Only the amplitude in each lateral angular
T Vie =2+ (y—y) - Foreach singuiarity -taxen directioné depends on the element itself, more specifically on
into_account, the corresponding term in (2) is the produme type of components in the element and on the current

of a function of = depending on which field component ISflowing on them. It has to be calculated via easy integrations

cons!gereg, a (;:onfstan;[_ deg{erlw:dlng on WgCh s?u][ce :ypeo{%r all the components and a summation of the resulting
considered, and a function éi. -or a given treen's function integrals. For mutual coupling calculations, an element can

(given field componenf” and source iypg), all three can be us be characterized by a number of outgoing waves from
determined from the knowledge of the layer structure only. hich the outgoing expansion waves will be derived equal to

i
the observation paint is not too close to the source comparecrljlig number of dominant singularities of the layer structure.
its (_Jlimens_ion, using cylindri(_:al coordin_ates the contril_)ution qfhe r dependence and dependence of these waves can be
a singularity n)ay be/approxmated uSifg 1 for a”_‘p"t”de determined uniquely once the layer structure is completely
and it = r — 1’ cos(¢ — ¢) for phase terms. Insertion of (2) yefineq. They do not depend on the element configuration.
in (1) then yields Only the ¢ dependence has to be calculated numerically from
the currents flowing on the element components.

pT™M

Flagz)= Y o™i 0P e) 3ot
’ I1l. I NCOMING WAVES

/ / Si('y) e PTG cas(¢'=8) ol dyf Each element of the array considered is excited not only
vt Sy by its own feed, but also by the outgoing waves emitted
4+ CRTM =05 () P TS0 Z:(J].’(TM*““5 by the other elements. This, in fact, is mutual coupling. If
; the element emitting the outgoing wave is not too close to
. S« y) FE cos(6'=6) ! duf the element _receiving it, the amplitude of t_hg incoming wave
A, /y, i\ Y e vay can be con5|deredhconstant)overkthe receiving element. Only
M M ™ ase variations have to be taken into account. Since an
+ T AN () TS () ZC]'K e ir:woming wave hitting the element from a certain direction
Y is completely known except for its amplitude, the element can

/ / S; (&' y/)eji(r'cos(d)'—¢>) de' dy be solved for this incoming wave after normalization using any
z! Jy! T technique available (for example solving the integral equations
TE _ TE _ TE _ for the element in question using subsectional expansion

CP =1 CF‘,P =1 CP =1 . \ ' .
+Z (r) (2) Z I functions in a moment method technique). The outgoing

’ waves emitted by the currents induced on the element by the
/ / S; (!, yf ) BT cos(6'=0) gyt dyy incoming wave can be determined. This means that the relation
et Sy between the incoming and outgoing waves on the element can
4+ CET =05y P ETE =05 ) ZC].’(TE*O"“ be established. This relation does not depend on the array
; structure, only on the layer structure (which determines the

bR cos(d—8) gt 1 ghape of the waves, i.e., the anql r dependence and the
'/x, /y, S (@', y')e da’ dy interrelation between the wave field components), and the

lement structure (which determines the amplitude andsthe
KTE +o.5 FKTE y05 KTE +o0.5 e
+C G T (z) ZC]' dependence of the waves).
J

/ / Si (2!, yf )T KT =0 4yt gy (3) IV. SOLUTION OF AN ELEMENT

v Jy! In practice, the first step to solve an array is to solve the

element from which it is built, simultaneously for the following
The interesting properties of this last expression are: é&xcitations: the feeds exciting the element directly and the

that for each singularity present, the contributions due teaves coming in from the different lateral directions. For all
the different sources all have the sameéependence and these excitations, the outgoing waves emitted by the currents
dependence; 2) that the integrations no longer are dependadticed on the element can be calculated. For a numerical
on the exact position of the observation point, only on theplving procedure, both the outgoing and the incoming waves
direction ¢ in which it is located; and 3) that considering thédnave to be described with a finite number of parameters. This

contributions due to the singularities separately, once a singdedone in the following two sections.
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responses (the feed currents) on the one hand and the feed
\ y voltages and the incoming expansion waves on the other hand
\ / can also be expressed in matrix form

4 I =IPF - FO 4 FPWE-WE ()

4 N The dimension of bothV? and W is the product of the
number of dominant singularities (both TM and TE) ahlg .
> The dimension of botlF;” and 7 is the number of feeds.

Fig. 1. Discretization of the outgoing waves. V. SOLUTION OF THE ARRAY

For an array withN, elements, it is clear that there are
A. Outgoing Expansion Waves incoming and outgoing expansion waves for each element.

. : : The total number of incoming and outgoing expansion waves
For the outgoing waves, we approximate the function de- 9 going exp

o ) . or the array is thus the product df, with the number of
scribing the complex amplitude of the wave in terms o . . .
expansion waves for a single element. Equations (4) and (5)

the angle¢ using a number of basis functions. The wavée :
. . S .can be written for the global array

corresponding to such a basis function is called an outgoing

expansion wave. Using subsectional expansion, we arrive at F=FF - F +EW W )

a scheme as depicted in Fig. 1. Notice that the value at the Pooorenr e o

end point equals the value at the starting point due to the fact

that ¢ = 0 is the same direction ag = 2#. In case of the ] )
subsectional scheme, it is easy to refer to a discrete numbel'g€re the global column matrices consist of the column

reference directions for the outgoing expansion waves (whdpatrices for the different elements and the global coupling
the corresponding subsectional basis function has the valjtrices consist of the coupling matrices for the different
one), namely the numbe¥,, . It is evident that other basis elements on their glmgoqals. The dimensions o_f the res_pecnve
functions can be used to describe the complex amplitudes@ftrices are the dimensions of the corresponding matrices for
the outgoing waves. Of course, this leads to other types gsingle element multiplied with the number of elements. It

outgoing expansion waves.

WO:WOEJ'EJ+WOW'W (7)

is clear that for each array geometry there is also a relation
between the incoming expansion waves and the outgoing
expansion waves. Each outgoing expansion wave emitted by
] i o ) one of the array elements will generate incoming expansion
~In a numerical solving procedure, it is impossible t0 cORyayes on a subset of the total number of elements of the
sider waves coming in from all directions. Therefore, onlyray |n order to establish the relationship, the definition of
waves coming in from a finite _number of rgferen(_:e dll’eCtIOFtﬁe concept outgoing expansion waves and the decomposition
are considered. They are defined as the incoming expansi@ehnique for incoming expansion waves have to be used.
waves. Waves coming in from other directions are approxi- |, Fig. 2(a), it is depicted how the amplitudes of the
mated by a decomposition into the two neighboring incoming,hansion waves emitted by an element in two neighboring
expansion waves. If the number of incoming expansion wavggerence directions give rise to an amplitude of a wave emitted
is sufficiently large, the error introduced by this approximatiof, a1y intermediate direction. In Fig. 2(b), it is depicted how

B. Incoming Expansion Waves

is negligible. a wave hitting an element from a certain direction can be
) ) decomposed into the two neighboring incoming expansion
C. Matrix Relations waves. Using these two principles the relation between the

The relation between outgoing expansion waves on thiscrete number of incoming expansion waves and the discrete
one hand and primary feeds (feed voltages) and incomingmber of outgoing expansion waves in the array can be
expansion waves on the other hand can be expressed in matfiitten as

form

Wo =WoF, - Ff+WIWe - Wy (4)
where ¢, W, and F* are the column matrices containing It is important to emphasize that most of the elements in
the amplitudes of the outgoing expansion waves, the incomifi matrix; W, are zero. Solving (6)—(8) yields
expansion waves, and the feed voltages, respectively, for the i
element and¥; F? and W/, W7 the matrices containing the F=(EBF +EW: - (U-WW, - W,W;)
coupling coefficients between the outgoing expansion waves -W,W, -W,F,) - F, (9)
and the feed voltages and between the outgoing expansion
waves and the incoming expansion waves, repectively, fohereU is the unit matrix. The matrix between brackets in
the element. The superscriptindicates that the matrices are(9) is the admittance matrix of the feed structure of the array
for a single element. Similarly, the relation between the feadlculated including full mutual coupling.
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Fig. 3. The calculated and measured amplitudéf at the calculated and

measured resonant frequency for both (a) #wplane and (b) thed -plane
(b) case as a function of the normalized distance between the reference points

. . . . ... of the two elements.
Fig. 2. (@) Interpolation for outgoing expansion waves. (b) Decomposition

of an incoming expansion wave.
and with a relative permittivity of 1.03 sandwiched between
VI. NUMERICAL RESULTS a ground plane and a second dielectric layer, made of 3M

In order to prove the capabilities of the new techniqueC,Udad’ with a thickness of 0.50 mm and with a relative

it was applied to the double scalar form of the mixe permittivity of 2.17. The patch configuration is located on

o . - op of the second layer and consists of eight square patches
potential integral expressions for the electromagnetic field Wh dimension 31.9 mm. Each patch is fed by a coaxial
a stratified dielectric medium derived in [4]. The calculation]se d located 4.95 rﬁm fro'm the center of an edge. The used
were performed using the subsectional expansion technique ?mectors are of the SMA type. The patches are positioned

. c8
[4] to model the element and the expansion wave conceptiﬁoeach other's”’ or H plane. The distance between the patch
centers is 60 mm. For this antenna thearameters calculated

model mutual coupling in the array. On the patchesx1@0
subsections and for each element, eight reference direc“%%?ween the feed of the first patch and the feeds of the seven
other patches are compared to the measured ones both for the

were used¢ = 0, 7/4,7/2,- ).
The first antenna structure involved is the aray of tW%-plane and thefl -plane configuration at three frequencies.

el_ement_s given in [6]. Ea_1ch elgment consists of a coaxially f@ﬁ-.e results are given in Figs. 4 and 5.
microstrip patch. Th_e _dl_electnc layer l_)etween ground plane Both examples illustrate the accuracy of the expansion wave
and patch has permittivity 2.55 and thickness 1.57 mm. Tlf@chnique.
patch has: dimension 16.93 ang dimension 16.00 mm. The
coaxial feed is located at 5.5 mm from the center of-a
directed patch edge. For this antenna th@arameters were
calculated for both thé&-plane and thd7-plane configuration VII. DiscussioN
for several separations between the elements at the calculatefiheoretically, the accuracy of the expansion wave technique
frequency of the element (5.08 GHz). The results are givas presented here is determined by three approximations. The
in Fig. 3. first one is the approximation of the exact Green’s functions
The second structure is the linear eight-element microstilyy the superposition of their dominant pole and branch point
array antenna of [3]. The layer configuration consists of a firsbntributions. The accuracy of this approximation is discussed
dielectric layer (made of foam) with a thickness of 6.35 mrnm the first part of this paper. The second one is the transversal

It yields results which agree very well with the
measured results concerning both amplitude and phase.
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Fig. 4. The calculated and measured amplitudes ofShgarameters between the feed of the first element and the feeds of the seven other elements at
the frequencies 3.125 GHz, 3.3 GHz (the resonant frequency), and 3.475 GHz, both fopleee and thed -plane case as a function of the normalized
distance between the reference point of the first element and the reference points of the seven other elements.

“far-field” approximation used in deriving (3) from (1) and In order to allow smaller unit cells, the accuracy of the
(2). The error caused by this depends on the ratio of tke&pansion wave scheme has to be improved. In our view, this
size of the element emitting the waves and the distance fraan be reached by using entire domain expansion both for
the observation point. The third is the transversal “far-fieldhe outgoing and the incoming waves. The functiongm¢)
assumption that the wave incident on an element can Wwéh m =0,1,2,--- andsin(n¢) with n = 1,2, --- instead of
regarded as having a constant amplitude over the elememtftops can be used to form the outgoing wave of Fig. 1. The
and plane wave phase variation over the element. It hssme functions can be used to describe the incoming waves.
to be emphasized that these “far-field” approximations aleis evident that this modification to the expansion wave
fundamental. The inaccuracy introduced by them cannot texhnique has no effect on the solving procedure described
overcome by increasing the number of expansion wave dirég-this paper. Only the elements in the coupling matrices will
tions N,,. The traditional considerations concerning accurachange. The advantage of this alteration is that by using a
of “far-field” approximations hold (in case of an element o€ylindrical decomposition of the waves actually present in the
size D = Avacuum /2; the well-known threshol@ D? /Ay...um  Structure, the “far-field” approximations are not necessary any
yields a distance oh....um/2). more. The accuracy of the description can be increased just
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Fig. 5. The calculated and measured phases ofSthmarameters between the feed of the first element and the feeds of the seven other elements at the
frequencies 3.125 GHz, 3.3 GHz (the resonant frequency), and 3.475 GHz, both Iomtla@e and théd -plane case as a function of the normalized distance
between the reference point of the first element and the reference points of the seven other elements.

by increasing the maximume andn used thus by using moreresults section compared to 3010 subsections per patch if
expansion waves. Only the first approximation remains.  subsectional expansion was used also at the array level.

Very important is that in the numerical results section, it Although in this paper the technique was only applied to
is proven that the new theoretical concept of the expansicrrays of probe fed single patch elements, from the theoretical
wave technique (introduced in the sections before) does wdike of reasoning, it is clear that it can be applied also in
for practical antennas. Comparing calculations with measutbe case of other feed types, stacked patch configurations, and
ments, the technique yields very good agreement. Howeveven more complex elements. We expect that for all these
the expansion-wave technique is not just an alternative étements the total number of eight reference directions will be
more rigorous techniques. In our view, it eliminates efficientlgufficient to get high accuracy. For very complex elements,
and elegantly the problem that arises when one wants to useolving multiple patches with arbitrary shapes, probes, and
the flexible subsectional expansion technique for arrays ather possible components, this will result in an enormeous
arbitrary elements—the large number of unknowns necessaeguction of the number of unknowns at the array level.
to describe mutual coupling. To get good accuracy, only eighhe calculation time on the array level will be a constant
reference directions per element were needed in the numericalependent of the configuration of the element.
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The software available at this moment always takes int@@] D. M. Pozar, “Input impedance and mutual coupling of rectangular
account all singularities discussed in this paper. For larger microstrip antennas|EEE Trans. Antennas Propagatiol. AP-30, pp.

hi il | . | b f K 1191-1196, Nov. 1982.
arrays, this still results In a large number of UNKNOWNS{3) G. A. E. Vandenbosch and A. R. Van de Capelle, “Use of a combined

Currently, we are working on a scheme to decide for a given expansion scheme to analyze microstrip antennas with the method of
layer structure and array configuration what singularities a?l moments,"Radio Sci, vol. 27, pp. 911-916, Nov./Dec. 1992.

.. - . ] G. A. E. Vandenbosch and A. R. Van de Capelle, “Mixed-potential
a minimum have to be taken into account in order to get  integral expression formulation of the electric field in a stratified

accurate results. When this is finished, a comparison between dielectric medium—Application to the case of a probe current source,”

measured results and results calculated using the expansign I':EEEDT(;;”USW%E@Q”XSE rggﬁggﬁgg:& ;;%.dsgeasgﬁégyclsp%z”.e “The

wave technique will be possible for the ¥ 7 array given expansion wave concept—Part I: Efficient calculation of spatial Green’s
in [7]. functions in a stratified dielectric medium/EEE Trans. Antennas
Propagat this issue, pp. 397-406.
[6] A. H. Mohammadian, N. M. Martin, and D. W. Griffin, “A theoretical
VIIl. CONCLUSIONS and experimental study of mutual coupling in microstrip antenna arrays,”
IEEE Trans. Antennas Propagat.ol. 37, pp. 1217-1223, Oct. 1989.
Based on the results of Part I, a new way is derived7] D. M. Pozar, “Finite phased arrays of rectangular microstrip patches,”

to model mutual coupling in microstrip arrays. It is shown  EEE Trans. Antennas Propagatol. AP-34, pp. 658-665, May 1986.
how the new technique yields a number of unknowns much
lower than for conventional subsectional expansion techniques
without changing the accuracy. The technique opens the way to

model larger arrays of arbitrary elements in a more acceptalglgy A. E. vandenbosch (M'92), for photograph and biography, see this
calculation time. issue, p. 406.
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